A myloid, an extracellular accumulation of misfolded, fibrillary insoluble protein, is diagnosed on the basis of its pathognomonic histologic appearance, notably apple-green birefringence when stained with Congo red and viewed under crossed polarized light. 1, 2 More than 30 different proteins can generate amyloid fibrils in vivo, and these individual proteins form the basis of the classification of amyloidosis. The natural history, prognosis, and management of amyloidosis is dependent on the precursor protein from which the amyloid fibrils are derived (i.e., the amyloid type), which therefore needs to be identified in every patient presenting with the disease. Renal amyloid usually manifests with proteinuria and/or chronic kidney disease and is the cause of approximately 1% of end-stage kidney disease in the Western world. 3 Amyloid deposits in the kidney may arise from immunoglobulin light chains, amyloid A, FibA, 4 apolipoproteins A-I, A-II, A-IV, C2, and C3, [5] [6] [7] [8] [9] lysozyme, 10 transthyretin, 11 and leukocyte chemotactic factor 2. 12 AFib amyloidosis accounts for <5% of the patients with renal amyloidosis attending our clinic. Autosomal-dominant AFib amyloidosis, first identified in 1993 in a Peruvian family, 4 is the most common form of hereditary renal amyloidosis in the United Kingdom and Europe 13, 14 and is associated with more than 14 different mutations of the fibrinogen A a-chain gene (FGA), which is located on chromosome 4 and has 6 exons. 13, 15 These mutations are either single nucleotide substitutions that encode the variants p.E545V, p.E545, p.E543K, p.E559V, p.P571H, p.R573L, p.G574F, and p.T557K or frameshift mutations that result in peptides containing the C-terminal sequence VLITLG. 16 The known pathogenic frameshift variants encode p.G538Efs*30, p.F540Lfs*28, p.F540Sfs*27, p.V541Afs*27, p.E543Efs*25, and p.T544T*fs24. Three nonamyloidogenic fibrinogen Aa-chain variants also have been described: p.G538R, p.G538E, and p.R573H. 15 By far the most frequently identified amyloidogenic variant worldwide is p.E545V. 13 Studies on ex vivo amyloid deposits from patients with AFib amyloidosis have shown that the amyloid fibril protein is associated with the C-terminus of fibrinogen Aa-chain and that only variant fibrinogen Aa chain and not wild-type fibrinogen Aa chain is incorporated into the amyloid. 4 Indeed, AFib amyloidosis has never been reported in the absence of an FGA mutation.
Immunohistochemistry (IHC) is commonly used for the identification of amyloid type; however, it fails to unambiguously determine the amyloid type in up to 30% of cases of systemic amyloidosis because of a combination of high background staining, lack of epitope specificity, and/ or epitope masking. 17, 18 Although AFib amyloid has a characteristic morphologic appearance on renal histology with isolated and often extensive glomerular infiltration, up to 10% of cases fail to stain immunohistochemically with antibodies against AFib. 13 Further, a similar structure occasionally can occur in light chain amyloidosis. Therefore, a proportion of cases of AFib amyloidosis currently are diagnosed on the basis of amyloid with typical renal morphology in the absence of specific IHC staining, in conjunction with the presence of a pathogenic FGA mutation on direct DNA sequencing, with the diagnosis sometimes further supported by a family history of the disease and/or a typical disease course. 13 More recently, proteomic analysis of amyloidotic tissue, a technique pioneered by the Mayo Clinic, [19] [20] [21] [22] [23] is now used in certain specialist amyloidosis centers to identify the amyloid fibril protein, complementing the diagnostic value of histology, IHC, and related techniques. [24] [25] [26] [27] We previously reported the identification of several novel variants of the AFib protein that are associated with renal amyloidosis. 13, 28 Identification initially was made using gene analysis, with confirmation by immunohistochemistry and/or proteomics. Here, we sought to determine whether AFib amyloidosis could be diagnosed reliably by proteomic analysis using a simple algorithm to identify the specific variant amyloidogenic peptide and whether the issue of false positives through blood contamination of amyloid tissue can be avoided.
METHODS

Patients' Samples
This report covers patient data on 1001 Congo redpositive clinical samples obtained either as part of standard clinical practice at the National Amyloidosis Centre or received from other hospitals requesting immunohistochemical and proteomics examination. Since early 2016, all clinical, biochemical, and proteomics data have been included within a single database at our center. A further 52 samples of pre-2016 patients with AFib were manually added to the database to increase the proportion of AFib cases in the current sample set. All samples had been identified as AFib amyloid at our weekly clinical proteomic meeting based on glomerular morphology and genetic and proteomics analysis. To obtain proteomics control data from fibrin, a sample of whole blood was collected from a healthy volunteer and was allowed to clot naturally. A small portion of the clot was formalin-fixed, embedded in paraffin, and treated as a normal sample.
All patients were managed in accordance with the Declaration of Helsinki, and informed consent for use of material and publication of data was obtained. The study was approved by the Royal Free Hospital Ethics Committee.
Sample Collection and Digestion
Sections were cut from a single sample block for Congo red and IHC staining as previously reported. 17, 26 Amyloid was identified by presence of apple green birefringence when viewed under crossed polarized light. Congo redpositive material (a 6-mm section) was microdissected using a Leica LMD7 laser capture microscope (Leica Microsystems, Wetzlar, Germany) and collected into 0.5-ml microcentrifuge tubes (Eppendorf, Stevenage, UK) containing 35-ml tris(hydroxymethyl)-aminomethane/ ethylenediamine tetraacetic acid/0.002% Zwittergent buffer (Sigma-Aldrich, St. Louis, MO). Samples were heated at 98 C for 90 minutes with occasional vortexing. Following 60 minutes of sonication in a water bath, samples were digested with 30-ng trypsin (Promega Corporation, Madison, WI) overnight followed by treatment with dithiothreitol (50 mg) at 99 C for 5 minutes. Water was removed under vacuum and the samples were redissolved in 0.1% aqueous trifluoroacetic acid (Fisher Scientific, Loughborough, UK) for proteomics analysis. 27, 29, 30 Protein Identification Proteomics analysis was undertaken on either a Thermo Scientific Orbitrap Velos hybrid Ion Trap-Orbitrap Mass Spectrometer (Thermo Fisher Scientific GmbH, Bremen, Germany) coupled to a Waters nanoAcquity UPLC system (Waters Corp., Milford, MA) 29 or, more recently, on a Thermo Scientific Q-Exactive Plus instrument connected to an Ultimate 3000 nanoLC system using a Thermo Easy-spray Acclaim PepMap column 22 proteins: apolipoprotein E, apolipoprotein A-IV, and serum amyloid P component. Following the initial database search, a modified database containing 13 known amyloidogenic variant fibrinogen Aa chain peptide sequences was appended to Swiss-Prot and the data were reanalyzed via this new database. The additional database included the most common amyloidogenic variant, p.E545V, together with the other known amyloidogenic variants-p.E543K, p.E545K, p.T557K, p.E559V, p.P571H, p.R573L, p.G574F, p.G538Efs*30, and p.F540Lfs*28-and the nonamyloidogenic variants p.G538R, p.G538E, and p.R573H. A generic 3nþ1 nucleotide deletion frameshift protein p.36-527 containing the C-terminal peptide VLITLG also was included in the database. Data were interpreted by a panel of operators with extensive experience in amyloid proteomics, initially in the absence of clinical details. The presence of amyloid is accepted for Congo red-positive material when 2 out of 3 signature proteins (ApoE, ApoA4, or serum amyloid P component) are present, each with a minimum Mascot score of 20 and 1 unique significant peptide (in cases where Congo red staining is equivocal or absent, the threshold is increased to a minimum Mascot score of 50 and 1 unique significant peptide). The minimum score for all other proteins is set at 80 with 2 unique peptides. The top scoring amyloidogenic protein normally is used to type the tissue, except when ApoA1 or ApoA4 may be implicated or when more than one potential amyloidogenic protein has been identified with a similar score. In these cases, a more detailed examination of the tissue type, clinical presentation, and biochemistry is required. When there are fewer than 5 proteins in total (excluding keratins and hemoglobin), the sample may be declared inadequate.
Polymerase Chain Reaction and Direct Sequencing of FGA Genomic DNA was extracted from whole blood treated with ethylenediamine tetraacetic acid, as previously described. 31 A 707 base pair fragment of exon 5 of FGA was amplified by polymerase chain reaction assay and analyzed by automated sequencing. Polymerase chain reaction was carried out with Ready To Go tubes (Amersham Pharmacia Biotech, Amersham, Buckinghamshire, UK) using the solutions and cycling conditions previously described. Polymerase chain reaction products were purified with a QIAquick polymerase chain reaction purification kit (Qiagen, Hilden, Germany) and sequenced with the Big Dye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA) according to the kit manufacturer's protocols. The FGA gene sequence was analyzed on the Applied Biosystems 3130xl Genetic Analyzer using Applied Biosystems Sequencing Analysis Software version 5.4.24.
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RESULTS
The current study was undertaken to evaluate a proteomics algorithm designed to identify AFib as the amyloid type in the presence of blood contamination. The data were extracted from the National Amyloidosis Centre database, which since 2016 has been integrated with our proteomics database. Proteomics data were analyzed using the Mascot search engine (www. matrixscience.com) to interrogate the human SwissProt database. Mascot, together with other commonly used proteomics engines, uses a probability-based algorithm to generate an identity score for each protein based on the quality and abundance of individual peptide mass spectra. A protein's Mascot score is derived from the number of total, unique, and significant peptides identified by the program; similar data, but lacking an overall protein summary score, often are reported using Scaffold software (Proteome Software, Portland, OR). 20, 32 A full proteomics dataset is available in Supplementary Table S1 .
The proportion of patients with AFib amyloidosis among those referred to the UK National Amyloidosis Centre with renal amyloidosis is w5%. To ensure development and testing of a robust diagnostic algorithm, the number of AFib amyloid samples (as well as other rare renal amyloid types with glomerular involvement, such as ALECT2 amyloid) was manually increased by incorporation into the new database of proteomics data from patients with AFib amyloidosis collected prior to 2016. After excluding duplicate and control samples, we examined 1001 Congo red-positive samples, of which 240 were renal and 761 were from other tissues; amyloid signature proteins were identified in 198 and 632 samples, respectively (Table 1) . Because AFib amyloidosis is predominantly a renal disease, we used the identification of renal FibA as a preliminary diagnostic indicator when developing the algorithm.
AFib was identified by the Mascot search engine in 391 samples (of which 35% were renal). The frequency distribution of FibA scores for both renal and all samples is shown in Figure 1 . Clearly, the presence of FibA alone is insufficient to determine FibA as the amyloid type. To reduce potential false identifications based on low scoring peptides, we set a minimum requirement for the Mascot score at $80 and at least 2 unique significant peptides, which excluded lowscoring proteins (n ¼ 197) and reduced the positive FibA samples to 194 (w50% were renal). This number was further reduced to 78 samples (87% renal) as a result of the requirement for FibA to be the top-scoring amyloid fibril protein. The modified frequency distribution for top scoring FibA is shown in Figure 1 (inset) and demonstrates that higher scoring FibA is derived from renal rather than nonrenal samples.
The presence of blood in the tissues may result in a false-positive result, and thus the identification of FibA in amyloid tissues, even as the top-scoring protein, is on its own insufficient to make a diagnosis of AFib amyloidosis. In the current study, 85% of the samples contained hemoglobin A or B chains, with fibrinogen Bb and g chains present in w20% of all samples (Figure 2) . Using hemoglobin as a marker of blood contamination and comparing scores against those of fibrinogen Aa, Bb, and g chains showed a qualitative difference between FibA and the other fibrinogen chains, which indicated that fibrinogen Bb and g chains were more dominant in samples contaminated by blood. To investigate whether AFib peptides could arise from the presence of blood within the tissue sample, a piece of normal clotted blood was formalin-fixed, embedded in paraffin, and then digested and analyzed in the same way as clinical tissues. Hemoglobin A and B chains were present with very high Mascot scores (7384 and 10,776, respectively). Wild-type fibrinogen A a Further, no FGA mutations were identified in those for which only wild-type fibrinogen had been identified in their microdissected glomerular sample. There were 3 samples in which 2 peptide variants, together with wild-type FibA, were identified by proteomics, although FGA sequencing indicated that only 1 variant was present. The quality of the raw mass spectra eliminated the possibility of misidentification of these apparent variant peptides. They were observed only when variant lysine was included at positions p.573 or p.575 in the database, generating a new in silico tryptic site. The peptides were C-terminal to the lysine and did not contain the variant residue, suggesting that they were indeed present, perhaps derived from wild-type FibA by postdeposition truncation, but were misidentified as tryptic peptides by the variant database search. We observed that coverage of the amyloidogenic FibA Cterminal fragment appeared to be substantially different between the 68 renal samples with AFib amyloid and all other FibA-positive samples. This is clearly shown in Figure 4 , where the summed coverage at each residue is shown for the AFib amyloid samples compared with all other samples containing FibA. Because of the difference between groups at p.449, this was selected as the differentiation point between AFib samples. The median (interquartile range) percentage coverage of p.449-621 was for AFib amyloid and other samples, respectively ( Figure 4) ; coverage of the remaining protein (p.20-448) was similar for both AFib and other groups at 5.7% (3.3-8.5) and 7.7% (4.3-10.5). Increased coverage of the p.449-621 region is a further indicator for the deposition of FibA in amyloid deposits. Although the difference in coverage is qualitatively observable, it was not considered suitable for quantitative analysis Based on these data, we set the following criteria, all of which should be met, for the identification of AFib amyloid by proteomics: (i) amyloid on Congo red staining; (ii) presence of an amyloid signature ($2 of 3 amyloid signature proteins: serum amyloid P, ApoE, or ApoA-IV); (iii) FibA identified with a minimum Mascot score of 80 and 2 unique significant peptides; (iv) FibA as the top-scoring amyloid protein; (v) the score of FibA greater than the sum of scores for fibrinogen Bb þ g chains; and (vi) the presence of a pathogenic variant. A greater sequence A diagnosis of AFib amyloidosis, based on clinical presentation together with immunohistochemical, clinical biochemistry, and genetic analysis, was made in 68 cases (all renal, Table 2 ), including all of the 64 renal samples designated AFib amyloid by our algorithm. The remaining 4 clinical AFib cases were all positive for a pathogenic variant but were not diagnosed from the proteomics algorithm because 1 criterion was not achieved. One Congo red-positive sample was defined as inadequate by proteomics but still showed a single amyloid signature protein together with a positive result for FibA. Another sample did not show FibA > (Bb þ g) in the initial search, and in 2 samples either heavy chain or light chain k were the top scoring proteins. In each case the clinical, morphologic, and laboratory data were consistent with AFib amyloid. Both the proteomics algorithm and clinical and biochemical parameters excluded a AFib amyloid in all other samples.
DISCUSSION
Diagnosis of hereditary AFib amyloidosis can be challenging because pathogenic FGA mutations are associated with variable disease penetrance such that there may be no family history of renal dysfunction in affected individuals. 13 IHC staining is not always successful, and the characteristic AFib amyloid renal biopsy morphology of isolated glomerular amyloid may occur, albeit rarely, in other amyloidoses. Proteomic analysis of Congo red-positive laser microdissected tissue samples, introduced by Dogan and colleagues at the Mayo Clinic, [19] [20] [21] [22] [23] is now used routinely in our center for the identification of amyloid deposits. 29, 30, 33 We use a single database search engine (Mascot) to identify proteins, although we note that others conjoin the results from multiple engines. 22, 34, 35 Although each of the major search engines can readily identify the major components present in a mixture, they may separately identify additional and different lowabundance peptides. Although this can be of value when analyzing large protein datasets, 36 it is perhaps of less importance for identifying a known amyloidogenic protein as a major component in laser-captured Congo red-positive tissue where the amyloid protein is concentrated and background impurities are reduced. Probability-based methods such as Mascot are not quantitative; however, more abundant proteins are normally associated with higher probability scores, which can be used as surrogate markers for protein amount.
Identification of more than one fibril protein by proteomic analysis of micro-dissected amyloid can result in ambiguity with respect to determining the amyloid type. 30 In the case of FibA, the protein can arise from small insoluble thrombi sealed within excised tissue samples that are placed directly into formalin-saline and typically is associated with the co-presence of fibrinogen Bb and g peptides on sample digestion. Further, extensive washing of fixed tissue before digestion often fails to eliminate thrombus-derived fibrinogen. In our sample set, >85% of samples contained hemoglobin and 20% respectively. These data are a guide to the difference in coverage; however, we do not believe that these data are amenable to statistical analysis.
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contained fibrinogen Bb and g chains, consistent with blood contamination. By including a requirement for the score of FibA to be greater than the sum of scores for fibrinogens Bb and g, amyloid can be identified even in the presence of blood contamination. A high FibA residue coverage between p.449-621 was a further indicator of AFib amyloid, albeit nonspecific for the diagnosis. This is likely to reflect the fact that the amyloid is believed to be composed of a cleaved fragment of FibA containing this region. 4 This observation can be used as an additional guide to the possible presence of AFib amyloid.
The identification of a pathogenic variant by proteomics was central to the development of our diagnostic algorithm. Because wild-type AFib is not known to be amyloidogenic, the presence of a known amyloidogenic variant fibrinogen peptide or the generic frameshift protein containing the C-terminal peptide VLITLG in the specimen is diagnostic of AFib amyloidosis. Proteomics is sample type independent and, in principle, is ideally suited to variant analysis. In this study the variant in all 68 renal samples from AFib patients were identified, with findings corroborated in each case by DNA sequencing. The likely presence of truncated FibA in some amyloid deposits explains the apparent identification of 2 separate variants in a some samples, which demonstrates the importance of discernment in the interpretation of search results, particularly when using modified or extended databases. The variant peptide approach of proteomics will not identify novel, previously unreported variants or those that form tryptic peptides, which are too small or large to generate good-quality spectra-hence the utility of the other proteomic data in generating a high index of suspicion of AFib amyloidosis that should prompt genetic testing. The algorithm for proteomics diagnosis of AFib amyloid ( Figure 5 ) is designed as a guide to diagnosis and should be used in conjunction with clinical and biochemical data. The model in our specialist center is to interpret proteomics data in the context of a weekly multidisciplinary meeting. We have set thresholds for FibA and other protein scores based on our extensive proteomics dataset coupled with our clinical and biochemical experience. Each sample in our database is individually reviewed by a team consisting of a senior clinician together with members of the biochemistry and proteomics groups. Sixty-eight patients from this data group were diagnosed with renal AFib amyloidosis. The algorithm was in agreement in 64 of 68 of these cases. Each of the remaining 4 patients with AFib was not diagnosed on the basis of the proteomics algorithm because of the failure of a single criterion, but each had a FibA variant, identified by both proteomics and genetic sequencing, and a characteristic clinical picture.
In conclusion, the diagnosis of AFib amyloidosis may be diagnosed confidently on the basis of the proteomics algorithm reported here, which takes into account the probability-based identity score of FibA compared with that of other potential amyloid proteins, the score relationship between the fibrinogens Aa, Bb, and g chains, coverage of the p.449-621 region, and the presence of an amyloidogenic FibA variant. A general amyloidosis diagnostic algorithm has been reported recently. 37 Although algorithms offer an objective approach to amyloid identification, we are of the firm opinion that proteomics results always should be examined in conjunction with clinical details together with the results of immunohistochemistry, genetic results, and clinical biochemistry. 
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